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Uk Standard Model

The predictive power of the Standard Model depends
on well-measured input parameters
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Uk Motivation

® 7 can be used for the most precise determination of
Fermi constant

® T is needed for "reference” lifetime for precision
muon capture experiments

- MuCap: " + p capture rate from “lifetime" difference of
- MuSun: u” + d W and H7

B +p—o>n+v,
The singlet capture rate A_ is used tfo

1.0 ppm MuLan determine g _and compare with theory

~10 ppm MuCap
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Uk Determination of G from T,

et
0Gr 1 [ (61" om,\’ 0(Ag)
Gr 2\ \ 7, m, 1+ Aq
mid 90 18 ppm 18 ppm 36 ppb 30 ppm
Van Ritbergen
l l and Stuart, 1999

1999 9 ppm 0.3 ppm
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Uk Where to find muons?

m,, = 105.7MeV

Cosmic rays:

 ~1 muon/(cm®min) at sea level W Proposed A Under ©® Existing
construction

*<E> ~ 4 GeV at sea level

Muon beams worldwide (2007)
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Uk We go to Switzerland to find muons
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UK nE3 Beamline at PSI

Accelerator Facilities

Beam Transport Lines
Brotan Channel

proton beam: I 8 tye T
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UK nE3 Beamline at PSI

Parallel beam Spatial focus
QQQ QQAQ

Momentum Velocity separator

. beam
Selection Q removes
A positrons
2L~ 2% 9

EQQQ
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UK The Kicker is used to create a pulsed beam
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Al plates 12 cm x 75 cm
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UK The Kicker is used to create a pulsed beam
SR, [ e e O W S

beam

kicker slit target
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Measurement Period
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Stopping target

Stopping target

Beam pipe

Target diameter: ~20 cm
Target thickness: ~0.5 mm
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UK The target was opened once per day to monitor the beam

muons in EMC

muons in EMC
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MuLan ball

one tile is a pair of scintillator 170 tiles
3-mm thick BC-404 scintillators diameter: ~80 cm
base length ~ 15 cm () \
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MuLan Ball
idth ~6ns PIMT 2x170=340 detectors

150

lightquide 170 tiles
diameter: ~80 cm

100

50

0 5 10 15 20
time (ct)
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UK MuLan Ball
B Z_p“lse width ~bns PMT 2x170=340 detectors

1500

lightquide

100\

50

0 5 10 15 20
time (ct)

Boston 500MHz WFD
4 channels/board _
Inner and outer tile as well as _ <
opposite tiles on one board )
64 bit wide data bus to VME
total rate ~40 MB/s
~ 2x10" pulses recorded
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on—line

== analysis )

W

x_....._..
A ,
L=
‘B \
| =2
| BE
WO wS
q
(A | m_ (A | 2
| 2 | n =N o
_ __ £ | o) _ __ £ | =
L ] L ] n
— .m. .w_
= o ol
pﬂ mil] jmil]
=
-
3]
L..m
,.,14\_
=l
=y
./G S\
m ]
— [ = =
= = m -
) =
LA .
= =
ol U "
[T} ol WL
) Lt
]
[V ]
a ™ a M ]
o 1 -
_— ¥l a 4
3] o o s
7]
g 5 2 9
i
)
n_.h

|

ftp archive

~

fill cycle

|
135 ms

|

|

T

usuy

ycles

5000 belaJm on/off ¢

T

an

time seg-
ment

135 ms

”

u

bas—j0

sl

@ A
A
O O O
Q A
O O A Q
O “ = \
- Q A O O
@ Q -
O \!
\J
O O 5 § &8 o
ah Q S O
0D q Q) O
O 0 -
\J @
\ O O
O O O
nopeal
junoo-ejep
N
////A EwEmmeol_u_._Jv
whbas—-jo-pus

L0348 ©1 puss pue
s)ueq ejep asodwios

uoissaidwod ejep

A_mw.TOn_ |4—suop _

1nopeas 0414

[PRACCHKHK, 25505
e \AMWTE_._o?Em?wcou_

nopesal

unoo-ejep
N

% : _ Juswbas—jo-p _._wy
EHmwonuu:w

juswbas-jo-uels

349N EELeEN

AP



UK Data Analysis Flow

raw waveforms are fit with templates to find pulse
amplitudes and times

histogram times

. . Entries 1. 1015828+12
Blind analysis y1o Mean
: o df 1232 [ 1186

. M B.945=+00 % 11828

" R BEA2 +1.14

* Exact clock frequency kept secret . 8 1.0160+07 £ 184

* Muon lifetime is reported is
reported with the value R with units
of ppm defined as

T = Tsecret (1 + R/10%)

only analyzer knows : lime in Tl (et

check consistency,
study systematic errors
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Uk What can go wrong?

>

_—

Early-to-late changes, for
iInstance:
Instrumental issues _ Time—
PMT gains
Discriminator threshold walk | threshold
Kicker voltage sag l
Pileup :
Physics issues
Spin polarization
Non-flat background sources

/\Ts)

counts
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Pileup
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UK Pileup

Leading order pileup to a ~5x10* effect

f(t) _ Nge_t/T“ —|—N2€_2t/7-‘u' + N3€—3t/’?"u 1. _I_B

Pileup Time

& Distributio

10000 15000 20000
time [ns]
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UK Pileup

Leading order pileup to a ~5x10* effect

‘Statistically reconstruct
Fill i pileup time distribution
‘Fit corrected distribution

Fill i+1

}-————
O
B

Raw Spectrum

Pileup
Corrected

imm
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Pileup Time
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Pileup to sub-ppm requires higher-order terms

12 ns deadtime, pileup has a 5 x 10-4 probability at our rates
Left uncorrected, lifetime wrong by 100's of ppm
Proof of procedure validated with detailed Monte Carlo simulation

lifetimeLast ADT=5.00, CW=5.00

1 ']1 0 — un — Uncorrected lifetime, v=2.20 \
corr — HNormal Pileu =
p (PU}, =110
10° Ccteqy
— [Extended PU, v=1.10
1 UE —  False Coincidences [Accidentals), v=1.11
Jitter (single before coin), =110
‘1 U? ————————  Triple PU from normal PU, mean=0.T2
Triple PU from extended PU, mean=0.53
6
1 U Triple Extended from normal PU, mean=0.68
1 05 n —  Agcidentals in shadow window (0.3 corr], mean=0.8
[ —— Jitter in shadow window, mean=0.54
-1 04 ———  Triple extended PU from extended PU, mean=0.55 /
10°
10°
10 ¥
]H 1,
1 11 PP WA 1 | nﬁ'l i Hmmmm

Pileup terms

> at different
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UWX  The pileup corrections were tested with Monte-Carlo.

£
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2
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100.4 x2/ndf 1.293/12
100.35 mean 100.1£ 0.0

100.31

Monte-Carlo Simulation, 1012 events

100'25'3;_" agrees with truth to < 0.2 ppm
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1.19 ppm statistical uncertainty

D. M. Webber
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UK  Lifetime vs. artificially imposed dead time diagnostics

A slope exists due to a pileup undercorrection

3 B
o |
Y -
m |
68.5 :—
68 :—
0“‘-?.' a2
~'67.5— x% [ ndf 16.62 / 11
; N R, 67.31+ 0.02
H - slope 0.01797 + 0.00072
ST 150 ns deadtimerange ... ... >
-'— | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40 50 60

Artificial Deadtime (c.t.)

Extrapolation to O deadtime is correct answer

D. M. Webber
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UK HSR

The decay positron energy and angular distributions are not uniform,
resulting in position dependent measurement rates.

Highest Energy Positrons

Lowest Energy Positrons
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Positron Energy [x]

Ee = Emax
= 52.83 MeV

Positron energy distribution l

Normalized Decay Probability

Ee = 26.4 MeV

_E,
Ee = 13.2 MeV o Amax
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UK  Precession of the muon spin distorts lifetime histogram

eB Y

= )
S 2m N’
Iz B *
g, =2
b=
w ~ 135 MHz/T ‘J
N(t) = Noe t/ 7w [1 + AP; cos(wt + ¢o)]
s 1F . E
5k B=34G g &
§1l]'1§— 210-15_
102 107 =
10'3;— 10° =
10-4;— 1045_
g...I...|...|...|...|...I...I...I...I... E | | | [ | | [ IR T
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This oscillation is easily detected This oscillation is not easily detected
and systematic errors may arise
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HSR signal in opposite detectors

o
—
@© ‘ / /
2 /
C
S,
o]
(&)
.
g

; Aj
@ |
§2)
C
3 1
o]
(&)
; oaE i
e} E .
g Difference/Sum
[2]
= 0.2
S10"
8

0.1
102 0

0.1
10 u

0.21
104% | | | | | | | | | -0-3: | | | | | | | | |

o I P I P S I N A P

time [us] time [us]

The sum cancels uSR effects The difference accentuates
USR effects

01-April-2011 V.Tishchenko 31

Joint Experimental-Theoretical Seminar




Uk

01-April-2011

MulLan strategy - reduce polarization!

* Dephasing

* Polarization destroying targets

Joint Experimental-Theoretical Seminar V.Tishchenko
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Uk

01-April-2011

Dephasing

Muons arrive randomly during bus accumulation period

Z—A) — cos(wTA)) csch? (%)

o
2(1 —|—w27'5)

130 Gauss

MMWWW 4000 Gauss
T —
2 3

4 5 6
accumulation time T, (us)

Joint Experimental-Theoretical Seminar V.Tishchenko
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Uk

Muon stopping targets

2006

Arnokrome-3 (AK-3) target

(~28% chromium, ~8% cobalt, ~64% iron)
0.4 T transverse field rotates muons with

18 ns period

Muons precess by O to 350 revolutions

polarization

01-April-2011

small ensemble avg.

Joint Experimental-Theoretical Seminar

2007

Crystalline quartz target

90% muonium formation
* 50% depolarization (Mu in singlet state)
* Fast precession of Mu in triplet state

10% "free" muons
* Noticeable precession
* Relaxation of longitudinal polarization

Quartz, 130 Gausg

V.Tishchenko
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HSR magnet for Quartz target

Halbach array of permanent magnets to
produce ~130 G field in the target plane
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Uk Two targets, two analysis strategies

AK-3
(strongly suppressed pSR)
Sum time histograms from all detectors

and fit for ’CH

01-April-2011 Joint Experimental-Theoretical Seminar

Quartz

(noticeable pSR)
Incorporate uSR effects into the fit
function. Fit each detector individually.

V.Tishchenko
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UK AK-3, Sum of all detectors, sum of all 30000 runs

lifetimelLast ADT=5.00, CW=5.00 lifetimeLast2_px
Entries 1.101582e+12
Mean 10449
: , - RMS 0
flT fUnCTIOH ¥= I mdf

M 8.945e+09+ 13826

R 6,82 +1.14
B 1.015e+07 + 154

1000 2000 3000 4000 5000 6000 7000 SO000 9000 40000
time in fill [ct)

Entries 1.101582e+12
Mean 4594
EMS 2808
¥® f ndf 1232 [ 1188
po -0.001448 + 0029001

residuals (sigma)
-

1000 2000 3000 4000 5000 G000 TOOO BOOD 9000 40000
time in fill {ct)
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UK Quartz target, fit individual detectors

fit function f(t) _ NO [1 i Aﬁ(t)'f'[)] e—t/Tu —+ B

(most general form)

decay asymmetry unit vector to detector

ensemble polarization

01-April-2011 Joint Experimental-Theoretical Seminar V.Tishchenko



UR Quartz target, fit individual detectors

fit function f(t) _ NO [1 i Aﬁ(t)'f'[)] e—t/Tu —+ B

(most general form)

decay asymmetry unit vector to detector

ensemble polarization

resolve P into two components relative to B-field

f(t) = Ny {1 + A(Py(t) + 732(75))?“/\])} e /7w + B

transverse (precession+relaxation)

longitudinal (relaxation)

01-April-2011 Joint Experimental-Theoretical Seminar V.Tishchenko



UR Quartz target, fit individual detectors

fit function f(t) _ NO [1 i Aﬁ(t)'f'[)] e—t/Tu —+ B

(most general form)

decay asymmetry unit vector to detector

ensemble polarization

resolve P into two components relative to B-field

f(t) = Ny {1 + A(Py(t) + 732(75))?“/\])} e /7w + B

transverse (precession+relaxation)

—t/T
7'71 (t) — Pl € /T P, ~0.0015, T;~28us longitudinal (relaxation)

Pa(t) = Pae™ "2 cos(wt + ¢o) P, ~ 0.0025, T,~4ys

01-April-2011 Joint Experimental-Theoretical Seminar V.Tishchenko
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UR Quartz target, fit individual detectors

fit function f(t) _ NO [1 i Aﬁ(t)'f'[)] e—t/Tu —+ B

(most general form)

decay asymmetry unit vector to detector

ensemble polarization

resolve P into two components relative to B-field

f(t) = Ny {1 + A(Py(t) + 732(75))?“/\])} e /7w + B

transverse (precession+relaxation)

—t/T
7'71 (t) — Pl € /T P, ~0.0015, T;~28us longitudinal (relaxation)

Pa(t) = Pae™ "2 cos(wt + ¢o) P, ~ 0.0025, T,~4ys

practical realization fit for muon disappearance time, then fit for T

z
f(t) = Ny [1 + APye Y2 cos(wt + (/50)} e/ 4+ B 5 70 values of 1,

Td = Ty (1 — A%ﬁlfD>
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UK  fit results vs. detector position relative to B-field
2
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Uk

f(t) = Ny [1 + APye /"2 cos(wt + ¢0)} e /7 4 B

A small complication: decay asymmetry

Energy-integrated A = 1/3

Positron Energy [x]

| A from MuLan data |

20 40 60 80 100

01-April-2011

120 140 160

e

£ 0.44
\"

0.38

0.36]

0.32f

- MuLan, from precession
0.42

0.4f

0.341

0.3

b

0.280

20 40 60 80O 100 120 140 160 180
© (deg.)

Joint Experimental-Theoretical Seminar

Plugging in GEANT
asymmetries instead of a
common A=1/3

asymmetry changes muon
lifetime by 0.1 ppm

V.Tishchenko



UK Consistency checks

0T VOO W T O VO W = e Consistency against MANY

+Simple, R=425.0+/-2.7 DS 101 o o
Right, R=424 5+/-2.5 DS 201 p l h d
L ERIGEE] special runs, where we varie
L+R, weighted average, R=424 8+/-1.8, DS 501

L+R, Simple, R=424.6+/-1.8, DS 501 Tar'ge'l', magneT, ba”

Quartz, 15 deg. magnet rotation
7l - e v : : : i — 15 Right-Down, R=411.8+-10.0, DS 1

— 1 8 smti— | 15 Left-Up, R=427.6+/-8.2, DS 2

L ‘g - : i - 15 Left-Down, R=428.4+/-8.3 D5 3
_ ......... ......... ......... 1 0 - ...... _ 15 Right-Up, R=431.7+/-9.5, DS 4

— i T — i —| weighted average, R=425 4+/-4.6, DS 0

- L A z=2250m

: : : : - - : : Left, R=431.0+/-4.7, D5 102
+Simple, R=421.0+/-4.7, DS 102
Right, R=421.8+/-4.8 DS 203
+Simple, R=413.4+/-4.7 DS 203
Up, 6.4 deq. tilt, R=424 4+/-5.1, DS 305
+Simple, R=421.2+/-5.0, DS 305
Down, 6.4 deg. tilt, R=433.0+/-5.7, DS 401
RN HN S e e N +Simple, R=433.8+/-5.6, DS 401
- i 1 A z=o25em

: - : : : Left, R=423.0+/-8.3, D3 103
+Simple, R=427.2+/-8.2, DS 103
Left, R=421.9+/-10.3, DS 104
+Simple, R=421.9+/-10.3, DS 104
Right, R=420.0+/-10.9, DS 204
+Simple, R=418.4+/-10.9, DS 204
Right, R=429 6+/-4 8, DS 205
+Simple, R=426.5+/-4 8 DS 205
Left, R=422.1+/-6.9, D5 105
+Simple, R=421.4+/-6.9, DS 105
Left, R=419.1+/-10.4, DS 106
+Simple, R=420.8+/-10.3, DS 106
Left, R=427.1+/-7.1, DS 107
+Simple, R=428.0+/-7.1, DS 107
Right, R=429.6+/-9.3 DS 206
+Simple, R=428.7+/-8.3, DS 206

— i . i i b i i A aKs

— I I I I 36 I I - I I —| Simple sum of all detectors, R=436.8+/-8.0,
100404 1041420424304344044450

R (ppm)
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UK Quartz target: fit the sum...

Quartz data fits well as a simple sum, exploiting the symmetry of the detector.

Letime histogram e gl The deviation from the "fit each
=< AL =2 detector method” is 0.3ppm

: R 4245+ 1.7
3.135e+06 £ 65

:: SeiE error distribution ___residuals _
o |||||||||||||||||EmrIBS 2374

Mean 0.0006323

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L1 1.1 11 1 1 11 1 1 11 I- 1 RMS 09955
1000 2000 3000 4000 5000  GODD 7000 BODOD 9000 10000 ) £ ndf 2767137
time {ct)

Constant 151238
Mean 0.0001562 £0.0207005

Sigma 0.9927 £0.0145

Fit residuals

1 it - L RIILL ; | il |I
[t '.:'Illrl.i l.l'!llj”"l-ll' .|F 'I'lfl' 'I"f"i“

|||Iu.5l‘. |:|!||I | 1 e | |i|| | EI'.

e8] TTTTTT]
A
o =

e m

{000 2000 3000 4000 5000 €000 7000 8000 000 ib0
time (ct)
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UK Summary of uSR systematics

f(t) = Ny [1 + APye T2 cos(wt + gbo)} et/ 4 B

Td = Ty (1 — A;—’iﬁlﬁg)

parameter 07, (ppm)
o, 0.003
15 0.001
p Y 0.004
beam x 2) 0.18
beam y 2 <0.001
beam z 2) <0.001
A3 0.05
total error 0.20

1) for 4+2° variation of the direction of vector P
2) for +2 mm variation of the position of the beam
3) change between GEANT4 or MuLan asymmetries
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Gain stability

Raw singles

Mlan Apr 5 1838 1% 2010

Joint Experimental-Theoretical Seminar

80

100 120 140 160 180 200
Fitted Pulse Amplitude
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coincidences suppress background

Amplitudes :
> = Singles

== Coincidences

100 120 140 160 180 200
Fitted Pulse Amplitude

MloanApr 5 18:43:26 2010

Joint Experimental-Theoretical Seminar V.Tishchenko
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Uk Correction for early-to-late gain variation

Amplitude Distribution

Correction

2‘5; 1) Gain vs. time variation is derived from the stability of the
2f : peak of the fit to pulse amplitude distribution
1o : 2) Extrapolate from MPV to threshold

Consistency check
Raise the threshold to amplify the effect

1=

threshold,

0.5

Ennnllanaflana o8 onallannlonnllennlonnllondd
UU 20 40 60 80 100 120 140 160 180

PR Gain is photomultiplier fube type dependent

g 011~ —« photonis
> i ——electron
> - | . "
= electronics instability _« both
0.05— / 1 [
>t k2 e g +
o B .
A = M . + i
L .
sl e ﬁﬂ*l*h
Gain correction is 0.5 ppm L * # i ;
shift with 0.25 ppm I Sag in tube response i i
uncer'TainTY' -011__|| 1 | | 1 11 | | I | | 1 1 1 1 | 1 1 1 | | [ | | 1 11 | | 1 1 1 1 | 1 1 1 1 l]_

|
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
time (ct)
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Timing stability
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UK Master clock

The clock was provided by an Agilent E4400B RF Signal Generator, which
was stable during the run and found to be accurate to 0.025 ppm.

Agilent E4400 RF Signal ’ f:necked for consistency throughout the

Compared to Quartzlock A10-R rubidium
frequency standard.

Compared to calibrated frequency
counter

| - Different blinded frequencies in 2006
f = 450.87649126 MHZ and 2007

Generator

Comparison 10 MHz 60 MHz

Frequency counter 1 x107% 2 x 1078
Rubidium atomic clock 4 x 10™° 3 x 10™°

Average difference = 0.025 ppm

01-April-2011 Joint Experimental-Theoretical Seminar V.Tishchenko
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UK  Nearby unseen pulses perturb the time of main pulses
software stability studied with simulations

Fixed reference

II[I[IlIIIl[Ir

IIII!IIII[III

: I.i.I;J.
10

time of perturbation pulse (ct)

_I I

Estimated pull:

(0.03 ct)x(0.25% pileup)
(1000ct/7,)

=(0.075 ppm

D. M. Webber
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Hardware stability studied with Laser pulses

Laser System Diagram

Umbilical cable

Return Cable
-~ 10m

Optical Fiber \
. Scintillator

Power Cahle———»
~10m

Neutral [‘JTSity.r Filters

Al Box
| LASER

?

Reference Detector

Photo Diode

Laser: LN203C sealed nitrogen/dye laser made by Laser Photonics Inc.
Peak power 167kW, spectral output 337.1nm; pulse width: 600 ps (FWHM)
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Timing stability from laser data
' sl carly-to-late timing shifts

| <dt> mean_gauss vs. time for sn 004, peaks combined

im po

§ p1 3.057e-08 + 5.689e-08 L. L.

3 0.1 ppm, limited by statistics
% 70808

|T|

3 o — I

b=

dt range = 0.00157 timing shifts due to nearby pulses
1 L i 1 Ll I Ll 1l ] Lol L L | L Ll | L Ll | L_L Ll E Ll Ll I L Ll 1 ] Ll
1000 2000 3000 4000 5000 6000 7000 8000 9000
Time(Clock)

_FIT_I'l]'I'IIIIIIIII|[1_[r[T|—r

time relative to laser reference PMT

10? g..' .......... | p——— L — } ......... | p—— | p—— | p— } ......... | p— | p— | p—— } ......... | p— | p— | p— } ......... | p— | p——— | — o | m— | m—— I
] CE— — — T W L | —
105 e At = 9.8e-04 +/- 8.5¢-04

................................ quhanear' y pU|S€

time - PMTref, corrected (ct)
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Tek  Run drueraye

28 Jun 07 18:07:13
[

chz 10v Q M4 0Dps 2 565k

A ChZ .« -330mY

400pshpt

B/N versus kicker voltage

= 0.00145
z

0.0014

0.0013

0.0012
0.00115
0.0011
0.00105

.
000155550 23500

01-April-2011

Background stability

any variation of the
plate high voltage during
the measurement period
leads to a deviation of
a flat accidental
background.

%2 ! ndf
p0 0.002612+ 5965e-05

p1 -6.262e-08+ 2 476e-09

24000 24500

Kicker voltag

Joint Experimental-Theoretical Seminar

_..Snheaky muons

................... >

litetimeLastd_ px
Entries 1.101582e+12
Maan

lifetimelast ADT=5.00, CW=5.00

TO00 8000 S000 10000
tirme in fill [et)

Systematic error stemming
from a potential voltage drift on
the kicker deflector plates

2006: 0.2 ppm
2007: 0.07 ppm

V.Tishchenko

55



Consistency checks: fit quality

| lifetimelLast ADT=5.00, CW=5.00 |

lifetimelLast2_px

10 Mean
10 RMS

Entries

1.101582e+12
1049
01

01-April-2011

¥ I ndf ;
M 8.945e+09+ 13826

pm T, + Asecr'e‘l'—b[ R £6.82 +1.14

B 1.015e+07 + 184

T IIIIIII|

] 1000 2000 3000 4000 5000 6000 7000 S000 S000 10000
time in fill {ct)

residuals

[ lifetimeLast ADT=5.00, CW=5.00 |

Entries 1.101582e+12
Mean 4594
RMS 2808
¥* I ndf 1232 /1188
po -0.001448 + 0.029001

residuals (sigma)

] 1000 2000 3000 4000 5000 6000 TOOO S000 S000 10000
time in fill [ct)

Joint Experimental-Theoretical Seminar

Lifetime histogram

[ ndf= 2367 1 2371

el N 36724091 5639

R 4245417

counts

B 31352406+ 69

N,

=

000 2000 3000 4000 5000 G000 7000 BOD0 9000 10000
fime {ct)

Fit residuals

bl

T .!'!"'I,".I'. il

N | 'llL | |||lu.5|l. .:|||||.| b | |i|| ) '\

1000 2000 3000 4000 5000 OO0 7000 8000 9000 100
time (ct)

V.Tishchenko
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Consistency checks: Fit start time scan

-6
8
0

]
-

3.5 4 4.5 5
fit start time (us)
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ppm units

S 006 00 0 C
Kicker extinction stability 0.20 0.07 Voltage measurements of plates
Residual polarization 0.10 0.20 Long relax; quartz spin cancelation

Upstream muon stops 0.10 Upper limit from measurements
Overall gain stability: 0.25 MPV vs time in fill; includes:

Short time; after a pulse MPVs in next fill & laser studies

Long time; during full fill Different by PMT type

Electronic ped fluctuation Bench-test supported

Unseen small pulses Uncorrected pileup effect 2 gain
Timing stability 0.12 Laser with external reference citr.
Pileup correction 0.20 Extrapolation to zero ADT

0.03 Calibration and measurement

Clock stability

() 4

A

t(R06) =2 196 979.9 + 2.5 + 0.9 ps
t(R07) =2 196 981.2 + 3.7 £ 0.9 ps

t(Combined) =2 196 980.3 £ 2.2 ps (1.0 ppm)
At(RO7 — R06) = 1.3 ps

New G

0 orrelated 1o 000/200

G(MuLan) = 1.166 378 8(7) x 105 GeV2 (0.6 ppm)

Ap 0




UK 6 & 7, precision has improved by ~4 orders of magnitude over 60 years

=
i
o

— Total
« 7, (indiv. exp.)

—-- Theory

G Uncertainty (ppm)
|:|:J.1

-
L
&
-
]
=
-
o
i
@
F

1960 1970 1980 1990 2000 2010
year
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Uk Lifetime “history”

Balandin - 1974
Giovanetti - 1984
Bardin - 1984
Chitwood - 2007
Barczyk - 2008

MulLan - RO6

MulLan - RO7

2.19695 \ 219700 2.19705 2.19710 2.19715
Lifetime (L.s)

01-April-2011 Joint Experimental-Theoretical Seminar V.Tishchenko
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MuLan Collaborators
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I\/IuLan CoIIaborators

——-

‘\% BE. Johnson,® P. Kammel,! B. Kiburg,! | 1z1lg viunkle.t B. La "1 henko,? P R. 11 ne h 4 R [._. ahhb.1
M! J.P. Miller.? F. Mulhanser,1:7 C.J.G. ( Flull rwater, T 1_'1111111 s, EL 11']1 B.L. Roberts,® P. Winter,! and B. Wolfel

(M 11.:-111 1._.-|:|1u.1::-|:|r.=.-1ti-::::-11_] ~

Instltutlons
University of lllinois at Urbana-Champaign
University of California, Berkeley
TRIUMF
University of Kentucky
Boston University
| James Madison University
‘ Groningen University
Kentucky Wesleyan College
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